Abstract. 2014 To investigate the effect of gaseous elements on point defect cluster formation, such as dislocation loops and cavities, in-situ observation of dual-beam irradiation has been carried out for Ni and commercial stainless steels by using 1300 kV HVEM and 300 kV ion-accelerator facility. During dual-beam irradiation to Ni, small cavities nucleated at only compression side of faulted interstitial loops. From the loop growth experiment in both of Ni and stainless steels, it was confirmed that injected He can increase the migration energy of vacancies, which means He has a strong binding energy to vacancies. Therefore, He atoms and vacancies can move to the compression side of dislocations. In commercial 316 steels the cavity nucleation was strongly enhanced by the dual-beam irradiation, and the bi-modal distribution in cavity size was developed at higher He concentration. From the dualbeam irradiation with different He injection rate, it was clarified that the cavity formation with small size is needed to accumulate some amount of He in the matrix. These suggest that injected He atoms can be stored in the internal sinks.
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Microsc. Microanal. Microstruct. 4 Figure 1 shows a large faulted loops observed in Ni irradiated with two different modes at 670 K, which was contained inside of the specimen. In the case of dual-beam irradiation at 20 atppm He/dpa, a remarkable point is small contrasts existed only inside of the loops, as shown in figure la. These contrasts were confirmed to be small cavities by changing observation angles to observed condition. The cavities showed no obvious growth, but increase in the number density, which means that the cavities nucleated continuously on the inside of growing faulted loops during irradiation. In the case of irradiation after preinjection, as shown in figure lb, there was no preferential cavity nucleation. It indicates that the concentration of He stored in the matrix is quite low, because the preinjected He atoms move easily to surfaces, grain boundaries and other sinks. Therefore, a dynamic supply of He to faulted loops is needed for the preferential cavity nucleation.
With increasing doses, the nucleation and growth of cavities were observed, except at simple electron-irradiation. In the case of electron irradiation, only dislocation segments were formed, but cavities were not confirmed during present experiment. This result suggests that point defects move easily in pure Ni, and cannot lead to a large amount of accumulation of piont defects in such thin film of Ni. In the case of dual-beam irradiation, faulted loops were formed preferentially, and cavities nucleated on the loops, as shown in figure 2, and they developed to relatively large voids. In the case of the irradiaiton after He injection at 670 K (hot preinjection), cavities aligned to dislocations where local concentration of vacancy and He could be higher. In the case of irradiation after He injection at room temperature (cold preinjection), cavities nucleated randomly with high number density, which means that preinjected He could stabilize defect clusters, especially vacancy typed ones.
Urban et al. [7] observed the formation of vacancy-type loops on the compression side of interstitial-type loops in electron-irradiated Ni, and concluded that the loops results from the trapping of vacancies by gaseous impurities. In general, from the elastic interaction between point defects and dislocation, vacancies move to the compression side of the loops, and interstitials come to the tension side, as shown in figure 3. Therefore it is reasonable that vacancy-type defect clusters can form on the compression side of dislocations. As indicated in this experiment, He can assist cavity nucleation at the compression side where the vacancy concentration is higher.
Kiritani et al. [8] has proposed a useful method to measure the migration energy of vacancy from growth rate of interstitial typed loops. Figure 4 shows a relation between loop growth rate and temperature for Ni which were electron-irradiated under single and dual beams condition. In the case of electron irradiation the migration energy of vacancy was estimated to be 0.9 eV from the twice of the slope in figure 4 . On the contraty, at the condition of dual-beams of 20 atppm He/dpa, the energy increased. It suggests that the difference in both of those energies could explained to be a binding energy between vacancy and He atom.
Schilling [9] has calculated the binding energy of the complex of He atom and a vacancy in Ni to be 2.1 eV This strong binding could suppress the flow of vacancies to defect sinks, such as dislocations. If some amount of vacancies are consumed by the formation of small cavities located at compression side of interstitial loops, as shown in figure la, the growth rate of loops could increase possibly. Also, after preinjection, He enhanced the nucleation of loops, which means that a strong binding can stabilize for cascade damages., It is possibly explained that large number of unfaulted loops can nucleate in preinjected areas even at low doses. Figure 5 shows typical sequences of dislocation loop formation under simple electron-irradiation. In this process, the growth of the loops were not so obvious compared to Ni, and the loop had irregular shapes. The reason for such low growth rate in this steel could be defect trapping and/or segregation of the high concentrated solute atoms [10] .
BEHAVIOR OF DISLOCATION LOOPS IN STAINLESS STEEL -
In the case of the dual-beam irradiation, much differenc cannot be observed in the size and number density of the dislocaiton loop compared to simple electron irradiation. The complicated loop compared to simple electron irradiation. The complicated loop structures were composed of small-sized loops with a high number density. It suggests, however, such small amount of He, which is estimated to be 50 atppm, cannot compete with the effect of solute atoms on the loop structure, as described above.
To estimate the vacancy migration energy in stainless steel, the same method of loop growth rate as in Ni has been applied. Figure 6 shows temperature dependence of the growth rates under simple and dual beam irradiations at the condition of 70 atppm He/dpa. In the case of simple electron irradiation, the energy was estimated as 1.4 eV, which is a little larger compared to other On the contrary, dual-beam irradiation influenced strongly the cavity formation; even at high temperature, relatively large numbers of cavities were observed. Figure 7 shows the development of cavity structures in stainless steel during dual-beam irradiation of 70 atppm He/dpa at 773 K. Those results show that He can stabilize the nucleus of cavities. Other point was that the number density of small cavities increased without suppressing the formation of large cavities. This means that the cavity nucleation is continuous with increasing concentration of He under dual-beam irradiation. It can be noted that the cavity structures was categorized into two types; large cavities with a small number density and fine cavities with a quite high number density, as shown typically in figure 7d. Such cavity structures are named "bi-modal distribution" [11] , which means two typed cavities has different nature; voids which have relatively large size and low gas-pressure, and bubbles which have small size and high gas-pressure.
In this experiment, small bubbles were detectable over 8 dpa. Figure 8 Figure 9a shows the size distribution of cavities in the stainless steel after dual irradiation to several doses on 70 atppm He/dpa at 773 K. It can be easily recognized the size distribution showed "critical size", which was about 5 -10 nm. Mansur [10] has considered that such bi-modal size distribution is originated from the increase of surface energy by the gas pressure in cavities which can affect on the sink efficiency for point defects 
